The inability to generate mesenchymal stromal cells (MSCs) of consistent potency likely is responsible for inconsistent clinical outcomes of patients with aGvHD receiving MSC products. We developed a novel MSC manufacturing protocol characterized by high in vitro potency and near-identity of individual doses, referred to as "MSC-Frankfurt am Main (MSC-FFM)". Herein, we report outcomes of the 69 patients who have received MSC-FFM. These were 51 children and 18 adults with refractory aGvHD grade II (4%), III (36%) or IV (59%). Patients were refractory either to frontline therapy (steroids) (29%) or to steroids and 1-5 additional lines of immunosuppressants (71%) were given infusions in four weekly intervals. The day 28 overall response rate was 83%; at the last follow-up, 61% and 25% of patients were in complete or partial remission. The median follow-up was 8.1 months. Six-month estimate for cumulative incidence of non-relapse mortality was 27% (range, 16-38); leukemia relapse mortality was 2% (range, 0-5). This was associated with a superior six-month overall survival (OS) probability rate of 71% (range, 61-83), compared to the outcome of patients not treated with MSC-FFM. This novel product was effective in children and adults, suggesting that MSC-FFM represents a promising therapy for steroid refractory aGvHD.
Introduction
Acute graft-versus-host disease (aGvHD) remains a major complication and cause of mortality after allogeneic hematopoietic stem cell transplantation (HSCT). Despite a calcineurin inhibitor-based GvHD prophylaxis without in vivo T cell depletion, approximately 40% of patients remain at risk for developing GvHD. The first-line GvHD therapy continues to be corticosteroids, to which about half of the patients respond within a few days [1] [2] [3] . Despite administration of additional lines and apparently irrespective of the selected therapeutic agent, those patients who are refractory to steroids have very poor outcomes with overall survival (OS) as low as 20%. Third-line treatments include mycophenolate mofetil (MMF), T-cell depleting and anticytokine antibodies and, most recently, Jak inhibitors [4] . Both the aGvHD itself and adverse effects of GvHD treatment, such as hepatic and renal toxicity, opportunistic infections, relapse of the underlying malignant disease and secondary graft failure, contribute to patients' death [1, 2] . The first promising alternative to immunosuppressants dates back to 2004, when Le Blanc et al. [5] . reported in a landmark paper resolution of a treatment-refractory grade IV aGvHD in a 9-year-old boy by infusion of bone marrowderived mesenchymal stromal cells (MSCs) isolated from the mother. This prompted an initial trial in which eight patients with grade III-IV, biopsy-proven steroid-refractory GVHD were infused with MSCs, leading to clinical improvement in six [6] . Based on the encouraging results of these two initial reports, a first phase II trial in 55 adult and pediatric patients with steroid-refractory acute grades II-IV GvHD across 5 European centers was conducted. Bone marrow-derived MSC infusions induced a complete response (CR) in 30 patients and partial response (PR) in 9, with 16 non-responders (NR) to MSC treatment. No side effects related to MSC infusions and no differences in response relative to MSC donor MHC matching were reported [7] . The majority of pilot and phase I/II studies confirmed the safety and efficacy of MSC infusions in the aGvHD setting in both pediatric and adult patient populations, although with variable results [8] [9] [10] [11] . All clinical studies demonstrated a trend towards a better clinical response in children compared with adults [12, 13] .
Differences in the results of clinical studies may be due to highly variable quality of MSCs used in the various trials, and more specifically, the lack of a robust manufacturing process which could generate sufficient doses of MSCs with batch-to-batch consistency. We recently reported a novel method for MSC generation from pooled bone marrowderived mononuclear cells of multiple allogeneic donors [14] . A national marketing authorization based on the "hospital exemption" clause of the European advanced therapy medicinal product (ATMP) guidelines was obtained for this MSC product, termed MSC-Frankfurt am Main (MSC-FFM). Herein, we report the outcomes of the first 69 patients with steroid-resistant or treatment-refractory aGvHD treated with MSC-FFM in a routine clinical setting in allogeneic transplant centers across six countries.
Subjects and methods

Patients and GvHD scoring
Children and adults with steroid-refractory aGvHD (lack of steroid responsiveness for at least 5 days) or treatmentresistant aGvHD (refractoriness to steroids and at least one additional line of immunosuppressive therapy) after allogeneic HSCT irrespective of HLA matching between patient and donor and GvHD prophylaxis were eligible to receive MSC-FFM. In order to receive MSC, patient and transplant characteristics as well as staging and prior treatment of aGVHD had to be submitted to one of us (PB). Parents or patients gave their informed consent. Primarily, GvHD was diagnosed clinically; histological or other nonclinical evidence was only sought to rule out alternative diagnoses in unclear cases. Acute GvHD scoring was performed using the Seattle-Glucksberg modified criteria [15, 16] . MSC-FFM was dosed at 1-2 × 10 6 /kg body weight as a once-weekly rapid intravenous infusion for 1-4 successive weeks. Response was defined as either CR in patients who showed complete resolution of all signs of aGvHD, PR in patients who showed GvHD reduction by at least one grade according to the Glucksberg criteria, or nonresponse (NR) at day 28 after first MSC transfusion. Initially, only 26 children were treated with MSC-FFM as recently reported [14] . Consecutively, more patients (adults and children) with severe steroid and treatment-refractory aGvHD received these MSC products. Herein, we report 69 patients with refractory aGvHD who were treated with MSC-FFM in 14 allogeneic transplant services based in six countries (Germany, Hungary, Israel, Norway, Saudi-Arabia, and UK). Details on the patients' characteristics are presented on Table 1 . Of these 69 patients, 26 children were already reported in the initial description of the MSC manufacturing protocol [14] .
MSC-FFM
The development of MSC-FFM manufacturing protocol was previously reported [14] . Donors were selected in accordance with national (German Transfusion Act and ancillary legislation) and international (FACT/JACIE and WMDA) regulation [17] . Pooled mononuclear cells from bone marrow (BM-MNCs) of eight donors were cultured in platelet lysate-supplemented media in order to generate MSCs. Generated MSCs were then frozen in >200 aliquots (MSC bank) and were further used to generate equipotent clinical-grade MSC-FFM batches in various sizes for patients with different weights.
Statistical analysis
The response rates (OR, NR) per categories were compared using Fisher's exact test excluding these patients (N = 2) from whom no day 28 report was available. We estimated the median survival follow-up time since first MSC infusion using the reverse Kaplan-Meier method.
The OS probability was estimated using Kaplan-Meier statistics. The survival time was considered from the date of the first MSC infusion to the death date or the last follow-up (LFU) date for censored patients. The log-rank test was used to estimate the significance between OS. The nonrelapse mortality (NRM) was defined as death from any cause without previous relapse or progression. Cumulative incidence curves were used to estimate the NRM considering relapse mortality (RM) as a competing risk [18] . Gray's test was used to compare the statistical significance of the difference between the cumulative incidences [19] . The results are expressed as probability or cumulative incidences with its 95% confidence interval. The six-month predicted estimates for OS and cumulative incidences were considered in accordance with other studies [20] [21] [22] . All tests were two-tailed, and a P-value of <0.05 was considered to be statistically significant.
Statistical analyses were performed using the statistical software R, version 3.3.3 (R Project for statistical computing, www.r-project.org/).
Results
Safety and tolerability
Sixty-nine patients received a total of 212 doses of MSC-FFM. MSC-FFM was administered intravenously immediately after thawing, i.e., while still ice-cold, as a short infusion over no less than 10 min with clinical and vital parameter monitoring. The maximum volume of product and maximum dose of DMSO were 3-4 ml/kg and 0.3-0.4 g/kg, respectively, in the smallest three children weighing between 12-14 kg, and lower than that in all other patients, thus significantly below reported toxic doses of DMSO [23] . Accordingly, there was only one case each of nausea/vomiting, presumably due to DMSO, and headache, both in children, presumably due to the cold infusion solution. No other adverse effects were reported. Thus far, no limiting acute toxicity has been associated with MSC-FFM infusions. Long-term adverse events of particular interest include relapse of the underlying disease or severe infections. Since classical immunosuppressants nonspecifically suppress alloreactivity, adaptive and graft-versusleukemia responses alike, approximately half of the deaths in GvHD patients are due to infection and leukemic relapse which must be considered sequelae of GvHD treatment, as opposed to GvHD itself. With MSC-FFM given on top of immunosuppressive drugs the six month predicted relapse of the underlying mortality rate was only 2% (95% CI 0-5) and the total non-relapse mortality only 27% (16-38) ( Table 2) . Given the small number of events, overall cohort size, and our inability to distinguish between adverse effects of the classical immunosuppressants and the added effect of MSC-FFM, current data suggest that our cell-based product does not induce long-term adverse effects.
Response and clinical efficacy of MSC-FFM
At day 28, 22 (32%) patients achieved CR, 35 (51%) PR, 10 (14%) NR and for two of patients (3%) there were no day 28 data available. This resulted in an overall response (OR) of 83%. At the LFU (median follow-up: 8.19 months; range, 0.9-54.02 months), 42 (61%) patients were in CR, 17 (25%) patients in PR, and 10 patients (14%) were NR. These response rates resulted in a predicted six month nonrelapse mortality rate (NRM) of 27% (95% CI 16-38) and cumulative leukemia relapse mortality incidence of 2% (0-5), for an OS rate of 71% (61-83) ( Fig. 1a, b ; Table 3 ).
Patients with aGvHD grade III or grade IV had at 6 month an estimated OS probability of 75% (59-94) and 67% (54-84), respectively, which seems to be superior to historically expected survival rates for patients with such severe aGvHD ( Fig. 2c, d ; Table 3 ). Clinical responsiveness did not differ between children (<18 years, n = 51) and adults (>18 years, n = 18): Of the 51 children, 13 (25%) and 28 (55%) reached CR or PR by day 28, respectively. Eight (16%) were NR and in 2 (4%) patients no day 28 report was available. Among those 18 patients >18 years of age, 9 (50%) achieved CR, 7 (39%) PR and 2 (11%) patients did not respond. This resulted in an OR of 80% in children and 89% in adults (Table 3) . Thus estimated six-month survival rates in children and adults were 75% (64-88) and 61% (42-88), respectively (P = 0.398). Similarly, non-relapse mortality at six-month was 25% (12-36) or 33% (8-52) in children vs. adults, respectively (P = 0.577) (Fig. 1c, d ).
Steroid refractory and treatment refractory patients
The earliest studies used steroid refractoriness for 5-7 days as indication for MSC treatment. We therefore also stratified our patients with respect to whether the patients were refractory to high-dose steroids only vs. therapy-refractory, i.e., having received and failed to respond to additional lines of treatment on top of highdose steroids. Only 20 (29%) patients belonged to the group of steroid-refractory patients. Of these, 19 (95%) patients responded to MSC-FFM, 13 (65%) achieved CR, 6 (30%) PR and 1 (5%) patient did not respond by day 28.
At the LFU (median follow-up: 8.19 months; range: 0.9-54.02 months) 16 patients (80%) had achieved CR and 4 PR (20%). The majority of the patients (N = 49, 71%) were treatment-refractory to at least three or more lines of immune suppressive treatment. Of these, 38 (78%) patients responded, 9 (18%) with CR, 29 (59%) with PR, and 9 (18%) showed no response at day 28; in 2 (4%) patients no day 28 report was available. At the LFU, MSC-FFM treatment resulted in an OR in 39 (80%), 26 (53%) achieved CR, 13 (27%) patients PR, and 10 (20%) patients did not respond ( Table 2 ). The outcomes of steroid-refractory vs. treatment-refractory patients did not reveal statistically significant differences. The predicted six-month OS was 69% (52-93) vs. 72% (60-86) for steroid-refractory vs. treatment-refractory patients (P = 0.925) with a NRM of 31% (7-48) vs. 26% (12-38) (P = 0.763) (Fig. 1e, f) .
There was also no difference in either six-month OS or in NRM of patients with non-malignant (N = 18) compared to patients with malignant disease (N = 51) (Fig. 2a, b) . Moreover, efficacy of MSC-FFM was not different in the treatment of children (≤18 years, n = 51) compared to adult patients (>18 years, N = 18), neither in OS nor NRM (Fig. 1c, d ). This effect was observed in most of the patients with severe skin (Fig. 3) , or intestinal GvHD (Fig. 4) , who showed impressive responses to MSC-FMM. A six-year old patient with ALL developed an aGvHD of the skin at day +14, which was unresponsive to either steroids, MMF or basiliximab. The patient received MSC-FFM at day +33 (Fig. 3a , permission to publish picture obtained) and the skin improved substantially 3 days later. Seven days after the first MSC-MMF infusion (Fig. 3b ) skin improved continuously (Fig. 3c) and the patient received a second dose. Sixteen days after the first MSC-FFM infusion (day 49), the aGvHD showed a complete response (Fig. 3d) . In addition, MSC-FFM was very effective in the treatment of aGvHD in adult patients. In a 23 year old male patient with AML, GvHD prophylaxis was discontinued because of decreasing donor chimerism on day +115. Three days later, the patient developed aGvHD grade III (skin stage 2, gut stage 3) (Fig. 4a, b) . Acute GvHD proofed to be refractory to steroids and tacrolimus. The patient received altogether 3 doses of MSC-FFM on days +139, +146, and +158. Clinical improvement started already 3 days after the first MSC-FFM application and 14 days thereafter, the colonoscopy showed only mild proctitis (Fig. 4c, d ).
Discussion
Mesenchymal stromal cells are one of the more recent therapeutic modalities considered for aGvHD treatment. Despite the general consensus that MSCs appear to be welltolerated (safe) and effective for the treatment of various diseases, there has been no unambiguous evidence in the field favoring MSC treatment due to inconsistencies in the outcome of GvHD clinical trials [5, [7] [8] [9] 14] . Here, we report one of the largest cohorts of patients with refractory aGvHD who, most notably, received the same, standardized MSC-FFM therapy. What distinguishes this report from many of the previous reports is the sheer size of the cohort and its multi-national and multi-hospital routine postapproval setting. With three exceptions, all patients were suffering from grade III (36%) or IV (59%) GvHD at the time of MSC-FFM therapy. This is a more severely ill figure online) cohort than in most published series, as well as it is the most heavily pre-treated one, since only 29% of the patients were steroid-refractory, while the remainder had received as many as six additional lines of treatment before the decision was made to treat them with MSC-FFM. Of significant interest for the definition of outcome measures for future aGvHD trials, while many of the PR improved to CR over the course of the observation period, very few of the day 28 non-responders had delayed responses, most remained nonresponders throughout. This observation indicates the predictive value of day 28 responses for overall therapeutic benefit and suggests its use as a surrogate outcome parameter, in agreement with published work [24] . Accordingly, in this study we also used day 28 response as an outcome parameter. In our cohort, 57 of 69 patients (83%) responded to the MSC treatment by day 28 (OR), which is much more encouraging than the results from a randomized placebo-controlled Prochymal aGvHD study. Extraction of data from the Prochymal 280 study from the Australian regulatory agency indicates that the trial enrolled 173 aGvHD patients with steroid refractoriness, 28 of which children; with only 73% grade C and grade D. Considering, therefore, only the response data for the 126 patients with severe GvHD, a response rate of 30.2% was reported. OS at six months for the entire MSC-treated cohort was 34%, compared to 42% for the placebo group. Thus, this does not provide convincing evidence to support efficacy of Prochymal in adults with aGvHD, while benefit in children was suggested by subgroup analyses within the 280 trial and supported by the 275 trial. Although the primary end point in that study was not achieved for the whole group of patients, there was a significant benefit over placebo group if the liver and GI tract were affected [25] .
Le Blanc et al. reported similar response rates to the MSC-treatment of 25 children and 30 adults with acute GvHD compared to the Prochymal data in a multicenter phase II study [7] . The OR for their cohort of patients was 70.5% at median time from 18 days (3-63 days) and not at day 28 as an outcome end point used in the current study. Response rate in our cohort of patients is also superior to that reported by Introna et al. [26] in a cohort of 15 pediatric patients; that study demonstrated an OR of 66.7% compared to our pediatric cohort (80%). However, in their patient Table 3 Response status at day 28 after first administration of MSC-FFM and at last follow-up 
Grade IV 41 (59%) 10 (24%) 21 (51%) Non-malignant n =18; E=4; 75% (95% CI 56 -100)
Malignant n =51; E=17; 70% (95% CI 58-84) Grade III n =25; E=7; 75% (95% CI 59 -94)
Grade IV n =41; E=13; 67% (95% CI 54-84)
Number at risk
Number at risk the cells out of a pool of mononuclear cells from eight different donors led to a higher in vitro suppression of a mixed lymphocyte reaction [14] . Moreover, as all therapeutic doses of the MSC-FFM product have exactly the same, standardized potential, every patient has received the same product and not as in forgoing trials different MSCs preparations from different donors. All this makes the treatment with MSC-FFM unique and distinguishes the treatment from all other reports so far. Salmenniemi and colleagues [28] reported an OR at day 28 for adults and children of 50% and 88%, respectively. The survival in the adult cohort was disappointingly low with approximately 30% at one year, while one-year survival of the MSC-treated children was 100%.
Recently, Dotoli et al. [29] and von Dalowski et al. [30] reported poor outcomes in adult GvHD patients treated with MSCs after steroid-refractoriness (1-year OS: 19.6% and 19%, respectively). Likewise, Salmenniemi et al. reported OS of 22% for their MSC-treated patients with GvHD after a median follow-up of 767 days (range 74-1270 days) from diagnosis [28] . Remarkably, in our cohort there was no significant difference in OS between the treated children/adolescents with MSCs (75% (95% CI 64-88)) and adults (61% (42-88)) (P = 0.398). While too small a cohort to derive statistically relevant information, these data are supportive for the current license of MSC-FFM for both children and adults with refractory aGvHD. In addition, the OS in children of our cohort was also better than in all previous clinical studies as reported to date [7, 24, 27] . The OR rates for steroid-refractory patients at day 28 were 100 and 80% for treatment-resistant patients (s. Table 3) at LFU. Although this difference did not achieve statistical significance (P = 0.053) it implies that treatment with MSC-FFM should be started as early as possible. For the time being, we recommend to start treatment with MSC-FFM as early as definitions for steroid refractivity are met [1] .
Noteworthy, the six month OS of patients with grade II aGvHD (N = 3) was 100%, with grade III (N = 25) 75% (59-94) and with grade IV (N = 41) was 67% (54-84), suggesting the best survival rate reported thus far and approaching those for patients without severe GvHD (Table 4) [7, 8, 24, 26, 27, 29, 30] .
In conclusion, MSC-FFM offers an excellent salvage therapy for both steroid and treatment-refractory aGvHD, warranting further clinical evaluation. Resolution of intestinal GvHD showed only mild proctitis two weeks after the first MSC-FFM application Table 4 Results of clinical studies using MSC for treatment of steroid refractory aGVHD patients 
